INTRODUCTION
Since the pioneering work of Carl Woese in the late 1970s, it has been well established that the archaea constitute a defined domain of life (118) . With the availability of archaeal genome sequences in the mid-to late 1990s, it became apparent that the archaeal DNA replication machinery has striking similarity to that in eukaryotes and is evolutionarily distinct from that in bacteria. How this curious dichotomy arose in a process central to the very propagation of life has been the subject of much debate. A wide range of theories have been put forward to account for this observation, ranging from the proposal that DNA replication arose twice in cellular organisms, suggesting that the last common ancestor of all living organisms may not have had a DNA genome, to the possibility that the last common ancestor had a defined replication system but that it was displaced by nonorthologous gene transfer from, for example, a viral source (26, 65, 82) . Regardless of the derivation of the archaeon-eukaryote DNA replication system, it is apparent that the archaeal machinery is a simplified, and presumably ancestral, form of that in eukaryotes. The organizational simplicity of the archaeal machinery ( Fig. 1) , coupled with the biochemical advantages conferred by the study of hyperthermophilic archaea, has led to considerable interest in the archaeal machinery as a model of that in eukaryotes.
REPLICATION ORIGINS
The replicon hypothesis, proposed by Jacob et al., predicted that a trans-acting initiator protein binds to a cis-acting replicator DNA sequence to initiate DNA replication in bacteria (47) . This model has proved extremely accurate for bacteria. Bacterial chromosomes contain a single replication origin, oriC, which consists of an A-T-rich region of DNA containing multiple copies of the DnaA box, which is bound by the initiator protein DnaA. In many species, the gene for DnaA is carried adjacent to the origin, so the two may be coregulated (75) .
In contrast to those of bacteria, eukaryotic chromosomes contain multiple replication origins. So far, only Saccharomyces cerevisiae (budding yeast) has been shown to have clearly defined replication origins, known as autonomously replicating sequences. These contain conserved sequence elements, similar to the situation in bacteria, and are bound by the origin recognition complex (ORC). The ORC contains six separate polypeptides, Orc1-6, several of which contain AAAϩ (ATPases associated with various cellular activities) ATPase domains. Interestingly, Orc1 is also closely related to another replication factor, Cdc6 (Cdc18 in Schizosaccharomyces pombe), which presumably is indicative of the derivation of Orc1 and Cdc6 from a common ancestor. Although ORC acts as a sequence-specific DNA binding complex in budding yeast, in S. pombe and higher eukaryotes there is no clear consensus sequence for origins, although in many cases they do tend to be A-T-rich regions. Indeed, in Xenopus laevis eggs, any sequence seems capable of initiating DNA replication (16) . Instead of relying on sequence-specific DNA recognition by ORC, a growing body of evidence suggests that in higher eukaryotes, origins are defined by facilitated recruitment of ORC by a variety of other DNA binding proteins. The extent to which this is a direct effect or mediated by secondary chromatin alterations is not fully understood (98) .
It was initially thought that because the chromosome structure in archaea is similar to that in bacteria, archaeal chromosomes were also likely to contain one origin of replication. The first origin to be identified was the single origin of Pyrococcus abyssi (80, 89) . The origin binding proteins in archaea are homologues of the related eukaryotic Orc1 and Cdc6 proteins (discussed below). The origin in P. abyssi is located adjacent to the gene for Orc1/Cdc6, in a situation similar to that for DnaA in many bacteria. Although bioinformatic analysis using the Z curve method showed that there were likely to be two origins in Halobacterium (121) , a genetic screen found that only one of them had autonomously replicating sequence activity (3). However, two origins of replication were subsequently found and mapped for Sulfolobus solfataricus by two-dimensional gel analysis (99) . S. solfataricus has three Orc1/Cdc6 genes, encod-FIG. 1. Components of the archaeal DNA replication machinery and chromatin proteins. Structure figures were prepared using Pymol (www.pymol.org), using the following PDB coordinates: Pyrobaculum Cdc6, 1FNN; Sulfolobus SSB, 1O71; Pyrococcus RFC small subunit, 1IQP; Sulfolobus Pol B1, 1S5J; Pyrococcus PCNA, 1ISQ; Archaeoglobus Fen1, 1RXW; Sulfolobus Alba, 1H0Y; Sulfolobus Sul7d, 1WTP; and Methanothermus histone HmfB, 1BFM. The image of the ligase structure was supplied by Y. Ishino (Fukuoka, Japan), and we obtained the image of the primase complex in collaboration with L. Pellegrini (Cambridge, United Kingdom).
VOL. 70, 2006 DNA REPLICATION IN THE ARCHAEA  877 ing Cdc6-1, Cdc6-2, and Cdc6-3. The two identified origins, oriC1 and oriC2, are located upstream of the genes for Cdc6-1 and Cdc6-3, respectively (99) . No origin was found adjacent to the gene for Cdc6-2. A third origin, oriC3, was subsequently identified in both S. solfataricus and Sulfolobus acidocaldarius by marker frequency analysis but was located at least 50 kb away from Cdc6-2 (69) . Thus, at least some archaea contain multiple origins of replication. Fine mapping of the three replication origins in S. solfataricus led to the identification of origin recognition boxes (ORBs), which are inverted repeat sequence elements bound by Cdc6-1, at oriC1. These sequence elements are well conserved across many archaeal species, although most archaeal origins have not been proven experimentally. oriC2 in S. solfataricus contains sequences homologous to the central elements of ORBs. These sequences, termed mini-ORBs, are also found in the predicted origin of Methanobacterium thermautotrophicum. It therefore seems that, like the case for bacteria and S. cerevisiae, archaeal origins are defined by specific sequence elements (99) .
In eukaryotes, not all origins are used in each S phase, and those that are used are fired asynchronously. Whether an origin is used and whether it fires early or late in S phase vary depending on chromatin structure, the transcriptional status of the surrounding regions, and the developmental stage and cell type for higher eukaryotes (98) . Marker frequency analysis combined with computational modeling suggested that all three origins in S. acidocaldarius and S. solfataricus fire synchronously in all cells and that all three are used in each cell cycle (69) . However, some differential origin usage cannot be ruled out, especially as the three Cdc6 proteins in S. solfataricus bind with different affinities to the different origins in vitro (99; discussed below).
ORIGIN BINDING BY Orc1/Cdc6
In the replicon hypothesis, Jacob et al. propose that a transacting factor recognizes and binds the replicator sequence and recruits other replication factors (47) . As mentioned above, in bacteria this protein is DnaA, multiple monomers of which bind the DnaA boxes at the origin and melt the DNA. In eukaryotes, the ORC, consisting of proteins Orc1-6, binds at replication origins. In many eukaryotes, ORC remains bound throughout the cell cycle, whereas in bacteria DnaA is released as replication starts and then rebinds before the next round (70, 75) . ORC recruits many proteins to the replication origins, including Cdc6 (Cdc18 in S. pombe). With the exception of three methanogenic archaeal species, all archaeal genomes sequenced to date contain at least one gene with homology to both Orc1 and Cdc6 (Table 1 ). The identities of the initiator proteins in the three methanogen exceptions remain unknown. Although all archaeal Orc/Cdc6 genes contain regions of homology to both ORC and Cdc6 genes, in different archaeal genome sequences they are generally annotated as either Orc-x or Cdc6-x. Like components of the eukaryotic ORC and the Cdc6 protein, archaeal Orc1/Cdc6 proteins are members of the AAAϩ protein family. The three Orc1/Cdc6 proteins from S. solfataricus, i.e., Cdc6-1, Cdc6-2, and Cdc6-3, have been shown to bind to origins, with Cdc6-1 binding specifically to ORB elements (99) . The single Orc1/Cdc6 protein from Pyrococcus was shown by chromatin immunoprecipitation to bind the region containing the single known P. abyssi origin (80) . Therefore, the Orc1/Cdc6 proteins are thought to act as the origin recognition and binding proteins in archaea. In addition, Cdc6-1 from S. solfataricus can bind to ORB elements present in the Halobacterium NRC1 and P. abyssi origins in vitro (99) , supporting the idea that archaeal Orc1/Cdc6 proteins recognize specific sequence motifs and that these motifs are conserved across archaea. It is not known whether multiple Orc1/ Cdc6 proteins bind to each origin or whether binding is cooperative, but this has been suggested based on the structure of Orc1/Cdc6 and the symmetry of ORB elements (110) .
Most archaeal genomes carry from one (Pyrococcus species) to nine (Halobacterium) Orc/Cdc6 genes. Sequence analysis has shown that these can be classified into three major groups (3) , and all species that have more than one Orc1/Cdc6 protein have at least one from the SsoCdc6-1 and SsoCdc6-2 subgroups (99 (67, 110) . This domain is found in several DNA binding proteins and thus has been postulated to be the region of Cdc6 responsible for contacting DNA. In support of this hypothesis, mutation of WH domain residues in S. solfataricus Cdc6-1 reduced its ability to bind origin DNA (99) , and the WH domain from A. pernix ORC2 was shown to be necessary and sufficient for DNA binding (110) .
The crystal structure of A. pernix ORC2 was determined in the presence of both ADP and the nonhydrolyzable ATP analogue ADPNP. The structures showed substantial conformational flexibility in the ADP-bound form, but all ADPNPbound proteins adopted the same conformation. This suggests that ATP binding may stabilize a single conformation of ORC2. The in vivo relevance of this is unclear as yet, but ATP binding and hydrolysis are likely to play an important part in Cdc6 function in the cell (110) .
The two Orc1/Cdc6 homologues from M. thermautotrophicum and P. aerophilium Cdc6 have been shown to autophosphorylate at serine residues. This autophosphorylation activity is inhibited by DNA, but this inhibition is severely reduced in the absence of the WH domain. This further supports the idea that the WH domain interacts with DNA. It is interesting that the S. pombe Cdc6 homolog (called Cdc18) can also autophosphorylate, but it is not clear what functional significance this autophosphorylation activity might have (40) .
The ORC2 structure also reveals remarkable similarities to DnaA. Both DnaA and ORC2 are AAAϩ proteins, and both contain a C-terminal DNA binding domain, although in DnaA this is a helix-turn-helix, not WH, domain. It is therefore likely that despite the lack of homology between the two proteins beyond their AAAϩ domains, they function in similar ways.
REPLICATIVE HELICASE
In bacteria, the replicative helicase is DnaB, an AAAϩ protein which functions as a homohexamer. In eukaryotes, the best candidate for the replicative helicase is MCM (minichromosome maintenance complex). The MCM proteins were originally identified in yeast, in a screen for genes whose mutation abrogated the ability of the cells to maintain a plasmid containing a centromere and a replication origin (72) . MCM in eukaryotes is a heterohexamer of MCM2-7. MCM8, another member of the MCM family, was recently identified and seems to be required for replication elongation and meiotic recombination (5, 73) . The function of MCM9, which is present only in higher eukaryotes, is currently unknown (74) .
There is considerable debate concerning whether MCM is the replicative helicase in eukaryotes. Mcm2-7 are essential for the initiation and elongation phases of DNA replication in yeast and Xenopus (58, 91, 106) . They are recruited to the replication origin by ORC, Cdc6, and Cdt1 (discussed below), and blocking this recruitment completely inhibits replication. However, the complex has no ATPase or helicase activity in vitro. A subcomplex of MCM4, -6, and -7 has weak 3Ј-5Ј helicase activity in vitro, and thus has been suggested to form the active complex, whereas MCM2, -3, and -5 are regulatory (45, 63, 64) . All six proteins are required for replication elongation, however. In this light, a weak helicase activity was recently found to be associated with an endogenous purified complex from Drosophila melanogaster containing MCM, Cdc45, and the GINS proteins (see below) (87) . Many MCM molecules (10 to 100 in some organisms) are also loaded at each origin (7, 29) , in contrast to the case in Escherichia coli, where only two molecules of DnaB are loaded, with one for each replication fork. In addition, many immunofluorescence studies of higher eukaryotes have found that the majority of MCM does not colocalize with replication forks but, instead, associates with unreplicated DNA (24, 56, 71) . However, a model has been proposed for MCM function at a distance from forks (discussed below), so this does not necessarily preclude a function for MCM as the replicative helicase.
All archaeal genomes sequenced to date have at least one MCM homologue (Table 1) . In contrast to eukaryotes, however, many archaea contain only one MCM gene, and the protein forms homohexamers in vitro. Like the eukaryotic MCM proteins and bacterial DnaB, archaeal MCM is an AAAϩ protein. In vivo, MCM interacts functionally with Cdc6 (22, 23, 51, 108) and, via GINS, with the primase (76) . It localizes to replication origins in P. abyssi (80) ; however, since genetic systems for archaea are still in their infancy, it is not known whether MCM is essential for replication. Despite this, the very conservation of MCM from archaea to eukaryotes argues for an essential role, such as that of a replicative helicase.
Loading of the Replicative Helicase
In eukaryotes, MCM is loaded onto DNA in a process that requires ORC, Cdc6, and Cdt1 (70) . Cdc6 binding to DNA is an ATP-independent process; however, MCM loading requires ATP hydrolysis by Cdc6 but not by MCM (67, 116) .
In bacteria, both DnaA and DnaC are required to load DnaB onto DNA at origins. Like Cdc6, DnaC is an AAAϩ protein. DnaC binds hexameric DnaB and, presumably, alters the conformation of the ring, thereby facilitating its loading onto DNA. It is thought that DnaC binds DnaB while bound to ATP. This increases its affinity for single-stranded DNA (ssDNA), but DnaC-ATP inhibits DnaB helicase activity. Once DnaB is loaded at the origin, the presence of both DnaB and ssDNA stimulates the ATPase activity of DnaC, causing it to stimulate instead of inhibit DnaB (20, 21 
Structure and Function of MCM Proteins
All MCM proteins have a conserved domain structure (Fig.  2) . The C-terminal AAAϩ catalytic domain is well conserved between MCM proteins. The N termini of the proteins are less well conserved and are thought to be responsible for multimerization and regulation (30, 33) . In eukaryotic MCM proteins, the phosphorylation sites for cyclin-dependent kinases and other regulatory kinases are mostly located in this region (54, 86) . There is also a helix-turn-helix domain at the extreme C terminus of the protein. This does not seem to be responsible for DNA binding in S. solfataricus MCM, and its in vivo function is unknown.
In solution, archaeal MCM proteins usually form double hexamers, although single hexameric, heptameric, and filamentous forms have also been reported (12, 15, 30, 31, 39, 92, 120) . Unlike the heterohexameric eukaryotic complex, the double hexamer has DNA-stimulated ATPase and helicase activities in vitro (13, 52, 83, 107) . The double-and singlehexamer forms of M. thermautotrophicum MCM have equivalent ATPase and DNA binding activities in vitro, but the double hexamer is a more active helicase than the single hexamer, implying that this may be the form responsible for active unwinding in the cell (31) . In contrast to DnaB, a 5Ј-3Ј helicase, but like eukaryotic MCM-4, -6, and -7, archaeal MCM is a 3Ј-5Ј helicase, and thus it probably tracks along the leading strand during replication.
The crystal structure of the dodecameric N-terminal region of M. thermautotrophicum MCM has been solved, as has the EM structure of the full-length protein (30, 92) . These structures revealed a large, positively charged channel in the center of the ring, with a diameter of between 23 Å and 47 Å, which is easily wide enough to accommodate single-or doublestranded DNA. The mechanisms by which ATP hydrolysis is coupled to helicase activity are unclear. However, the crystal structure of the N terminus revealed a conserved ␤-hairpin motif. Analysis of the C-terminal sequence showed that there was another conserved insertion likely to form a ␤-hairpin in the AAAϩ domain. Mutation of conserved basic residues in either of these had only a modest effect on the ability of the protein to bind DNA. Mutation of both, however, caused a loss of DNA binding. In addition, mutation of the N-terminal ␤-hairpin caused a slight reduction in helicase activity, whereas mutation of the C-terminal ␤-hairpin completely abrogated helicase activity (83) . For the superfamily 3 helicase simian virus 40 (SV40) large T antigen, a similar ␤-hairpin has been shown to move upon ATP hydrolysis and thus has been proposed to effect a power stroke, driving the protein along DNA (37, 66) . It is therefore highly possible that MCM may translocate along DNA by a similar mechanism.
The mechanism by which MCM effects unwinding is still unknown. MCM from M. thermautotrophicum is able to translocate along double-and single-stranded DNA, as well as being able to unwind a forked substrate (109) . It may act as a molecular bulldozer, separating strands as it translocates along DNA. Consistent with this possibility, the EM structure of MCM revealed the presence of holes in the side of the complex which may act as exit pores for DNA (92) . Alternatively, a rotary pumping model for eukaryal MCM function at a distance from forks has been put forward. This proposes that after MCM proteins are loaded, they translocate along dsDNA away from the origin in both directions and are then immobilized by attachment to the nuclear matrix. After immobilization, further translocation causes the DNA to rotate and thus leads to unwinding at the fork (62) . This would explain why many MCM proteins are loaded per origin and why they do not colocalize with replication forks. It remains to be seen which model is correct and, indeed, whether MCM functions in the same way in archaea and eukaryotes.
Hel308a
It is likely that other helicases also function in archaeal DNA replication. It was recently shown that Hel308a, a helicase from M. thermautotrophicum, interacts with stalled replication forks in vivo in E. coli and in assays performed in vitro. Strikingly similar results were observed with the Pyrococcus homolog, termed Hjm. When expressed in an E. coli strain lacking RecQ (a DNA helicase associated with recovery of stalled replication forks), Hel308a/Hjm complemented the recQ phenotype, strongly suggesting that Hel308a/Hjm may play a similar role in archaea (6, 35, 42) . Interestingly, in some archaea the Hel308a homologue is encoded within an operon-like structure along with MCM and GINS, suggestive of a linked function of these proteins. Single-stranded binding proteins (SSBs) are present in all three domains of life. They protect single-stranded DNA from nuclease degradation and chemical modification during DNA replication, recombination, and other processes which require DNA to be unwound. All SSBs bind DNA via a common oligonucleotide/oligosaccharide binding (OB) fold (88) . Bacterial SSB is a homotetramer. Each monomer contains an OB fold for contacting DNA and an acidic C-terminal domain (CTD) responsible for protein-protein interactions (94, 95) . Eukaryotes contain a heterotrimer called replication protein A (RPA) that contains four DNA-binding OB folds. The largest subunit, RPA70, contains two of these in addition to a zinc binding motif, whereas the smaller two subunits, RPA30 and RPA14, both contain single OB folds.
Archaea contain a variety of SSB arrangements, although overall they show more similarity to eukaryotic RPA than to bacterial SSBs. The best-studied archaeal SSB is the 16-kDa single SSB of S. solfataricus. It contains a single OB fold and constitutes 2 to 5% of total soluble protein in the cell. The sequence shows that the domain structure is most similar to that of a bacterial SSB, and it contains an acidic CTD similar to that of E. coli SSB (114) . Like the case in E. coli, this CTD is not required for DNA binding but mediates protein-protein interactions (96, 114) . However, the crystal structure of S. solfataricus SSB revealed that the OB fold is actually more similar to that of human RPA than to those of bacterial SSBs (53) .
Pyrococcus furiosis has three SSBs, namely, RPA41, RPA32, and RPA14, which form a heterotrimer with high affinity for ssDNA. RPA41 shows homology to eukaryotic RPA70, and like RPA70 it contains a zinc binding motif (55) . Methanosarcina acetivorans also has three SSBs, namely, RPA1, RPA2, and RPA3. However, unlike the Pyrococcus proteins, they do not interact, and all form homodimers (97) .
In addition to its role in stabilizing ssDNA, S. solfataricus SSB has also been implicated in DNA damage recognition (17) . The M. acetivorans SSBs have also been shown to stimulate the primer extension activity of polymerase B1 (Pol B1) (97) . There is some debate over the effect of SSB on MCM. Although one group reported that SSB stimulates MCM helicase activity (10) , most data suggest that the presence of SSB at low concentrations has no effect on MCM, whereas at higher concentrations it is slightly inhibitory (52, 77) .
PRIMASE
DNA polymerases are unable to initiate synthesis de novo and therefore require a DNA or RNA primer which they can elongate. This is synthesized by a primase, which in eukaryotes and bacteria is a DNA-dependent RNA polymerase. Bacterial primase is DnaG, a monomer, whereas eukaryotic primase is a dimer consisting of a small catalytic (PriS) and a large noncatalytic (PriL) subunit. This associates with Pol␣ and the B subunit to form the Pol␣/primase complex (34) . The primase synthesizes RNA primers of 8 to 12 nucleotides (nt) in length. These are then elongated to around 30 nt by Pol␣ to produce a DNA-RNA hybrid before handoff to the replicative polymerase (34).
Archaea have homologues of eukaryotic PriS and PriL, but they lack Pol␣ and the B subunit. The small subunits of primase from both S. solfataricus and Pyrococcus species can synthesize both RNA and DNA primers in vitro (59, 68, 79) . Pyrococcus furiosis PriS preferentially synthesis long (up to 6 kb) DNA oligonucleotides. However, the addition of PriL increases the RNA polymerase activity, decreases the DNA polymerase activity, and decreases the average product length, suggesting that PriL plays a regulatory role (68) . Despite the fact that S. solfataricus PriS can synthesize both DNA and RNA in vitro, it has a higher affinity for nucleoside triphosphates than for deoxynucleoside triphosphates, so it probably makes RNA primers in vivo (59, 81) . In addition, Okazaki fragments have been isolated from archaea and found to be RNA at the 5Ј end (80) . Any in vivo relevance of the DNA polymerase activity of PriS is unclear, but given the lack of a Pol␣ homologue in archaea, it is possible that the primase plays a role in primer elongation analogous to that of Pol␣ in eukaryotes. However, there is currently no evidence for this.
The structures of the P. furiosis and Pyrococcus horikoshii primase small subunits and the S. solfataricus heterodimer have been solved (1, 46, 60) In all cases, PriS consists of a large ␣/␤ domain containing the catalytic prim domain and a smaller ␣-helical domain. It also contains a zinc binding motif which is conserved in eukaryotes and has been suggested to be involved in interaction of the enzyme with DNA in S. solfataricus. PriL is largely made up of an ␣-helical domain with a small ␣/␤ domain that mediates interaction with PriS. The interface between the two subunits is conserved between archaea and eukaryotes. The structure of the heterodimer shows that PriL does not directly contact the active site and can probably interact with the primer only once it reaches a length of 7 to 14 bp. This may trigger handoff to the polymerase and may explain why PriL inhibits the production of longer primers (60) .
Archaeal PriS also contains a conserved catalytic triple-aspartate motif which is structurally similar to that found in the Pol X family of DNA polymerases. However, secondary structure elements surrounding this motif are very different, suggesting convergent evolution (60) . There are five known Pol X family members in mammalian cells, and they function in processes involving DNA replication, repair, and recombination. With the exception of M. thermautotrophicum, archaea do not contain Pol X family proteins, so the similarity between these proteins and primase has led to suggestions that archaeal primase may play a role in DNA repair (61) . This may explain why it possesses functions, such as DNA polymerase and 3Ј-nucleotidyl terminal transferase activities, not normally associated with primases.
GINS
The heterotetrameric eukaryotic GINS (go, ichi, nii, san [five, one, two, three in Japanese]) complex was first identified in yeast and Xenopus and consists of SLD5, PSF1, PSF2, and PSF3 (38, 57, 112) . The complex is essential in yeast and interacts with MCM and CDC45 (38, 57) . More recently, it was shown that GINS is necessary for the inclusion of MCM in replisome progression complexes, which include several replication and checkpoint proteins, during replication (38) .
An archaeal homologue of GINS was originally identified in Further investigation showed that this protein, which is homologous to all the eukaryotic subunits but which has stronger homology to the proteins encoded by psf2 and psf3, interacts with another GINS homologue, with stronger homology to the sld5-and psf1-encoded proteins. The two genes are therefore known as gins23 and gins15. The proteins interact stably with RecJdbh, a protein homologous to the bacterial RecJ DNA binding domain, to form the archaeal GINS complex. The presence of a RecJ homologue in the complex has led to suggestions that the complex may be involved in stalled fork processing (76) . In addition to interacting with MCM, Gins23 also interacts with the primase. This solves a puzzle because in many replication systems, primase interacts with the replicative helicase. Indeed, a bacteriophage protein has been identified which contains homology to both MCM and primase (82) . However, no interaction could be detected between primase and MCM in S. solfataricus. It therefore seems likely that the GINS complex forms a molecular bridge between MCM on the leading strand and primase on the lagging strand (Fig. 3) (76) .
REPLICATIVE DNA POLYMERASES
As described above, the role of the primase is to synthesize a primer that is extended by a DNA polymerase. In common with bacteria and eukaryotes, archaea possess multiple DNA polymerases. Interestingly, there is a clear evolutionary divide in the distribution of polymerase families within the archaea.
Organisms in the euryarchaeal phylum contain polymerases belonging to two distinct families, i.e., the ubiquitous family B polymerases and a family that thus far appears unique to the euryarchaea, called family D. The family D polymerases, first discovered by Ishino and coworkers, are two-subunit enzymes comprised of subunits DP1 and DP2 (9) . It appears that the polymerization activity is contained within the larger subunit, DP2. The sequence of DP2, however, is very distinct from those of other DNA polymerases. Interestingly, the smaller subunit, DP1, possesses recognizable sequence homology to the noncatalytic B subunits of several eukaryotic family B DNA polymerases. Recent work has indicated that this subunit possesses intrinsic 3Ј-to-5Ј exonuclease activity and that this activity is highest on substrates with mispaired nucleotides or single-stranded DNA, leading to speculation that this may be important for proofreading by the archaeal family D polymerases (50) .
In addition to the family D polymerases, euryarchaea possess DNA polymerases belonging to family B, suggesting that the two classes of polymerases may play distinct roles in the cell. Indeed, an analogy may be found in the apparent discrimination between leading-and lagging-strand polymerases in Bacillus subtilis and eukaryotes. A recent study of the biochemical behavior of Pyrococcus D and B polymerases by Raffin and colleagues provided evidence for a model in which Pol B synthesizes the leading strand and Pol D replicates the lagging strand (43) .
The crenarchaea do not carry a family D polymerase but generally have multiple family B polymerases. It is again possible, though as yet untested, that different crenarchaeal family B polymerases have distinct roles on the leading and lagging strands.
One intriguing feature that has been demonstrated for both euryarchaeal and crenarchaeal family B polymerases is the ability to sense uracil ahead of the polymerase in the DNA template and stall 4 nt before that residue, preventing its copying by the polymerase. Work by Connolly and colleagues revealed that this property is conferred upon the enzyme by a small, conserved pocket that lies in the N-terminal domain of the polymerase (14, 32) . This pocket has the ability to bind uracil with high affinity, resulting in stalling of the polymerase as it moves along the template. Presumably, the polymerase then signals to the repair machinery to facilitate removal of the uracil base and lead to correction of the lesion. How this is achieved is currently unknown, although it is probable that some form of replication fork regression may be involved to facilitate template repair.
SLIDING CLAMPS
Although the leading-strand DNA polymerase in archaea may, in principle, have to synthesize over a million bases without disengaging from the template, the intrinsic processivity of purified DNA polymerases is actually quite low. The required processivity of polymerases is instead conferred upon them by association with an accessory factor, the sliding clamp. In bacteria, the sliding clamp is a homodimer, the ␤-clamp. In contrast, in archaea and eukaryotes, the sliding clamp, proliferating cell nuclear antigen (PCNA), is a trimer. However, despite the difference between the subunit compositions of bacterial   FIG. 3 . Model of the architecture of the archaeal DNA replication fork. Parental DNA is indicated by black lines, and newly synthesized DNA is shown in red. RNA primers, synthesized by primase, are shown in blue. MCM is shown as a yellow hexameric assembly surrounding the leading-strand template. We propose that the MCM helicase translocates along this strand, unwinding the parental duplex ahead of the replication fork. Single-stranded DNA is bound by SSB (Sulfolobus nomenclature), shown as pink circles. MCM interacts with the archaeal GINS complex (brown), and GINS, in turn, is additionally capable of binding primase (light blue). We propose that GINS acts to couple MCM translocation on the leading-strand template with deposition of primase on the lagging-strand template. DNA polymerase (in salmon pink) acts to extend the RNA primers, and we indicate that two polymerases are coupled, although there is currently no evidence for this in archaeal systems. Each DNA Pol interacts with a trimer of PCNA (brown). PCNA can act as a platform for additional assembly of the flap endonuclease FEN1 (green) and DNA ligase 1 (Lig1 [blue]), as cartooned on the lagging strand-associated PCNA only.
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on October 12, 2017 by guest http://mmbr.asm.org/ and eukaryal/archaeal clamps, both classes of protein possess quasi-sixfold symmetry. As with the phylogenetic distribution of DNA polymerases, there appears to be a division within the archaea with regard to the identities of genes encoding PCNA (Table 1 ). In almost all euryarchaea, as in eukaryotes, there is a single PCNA homolog, and the protein forms a homotrimer. A single euryarchaeal species, Thermococcus kodakarensis, has two PCNA homologues, but it has been proposed that one of these (TK0582) may have been deposited in the genome relatively recently via a lateral gene transfer event (36) . In contrast, the majority of crenarchaea for which genome sequences are available have multiple PCNA homologues. In Aeropyrum pernix, there are three PCNA homologs, and these have been shown to be capable of both homo-and heteromultimerization (19) . Strikingly, S. solfataricus also possesses three PCNA homologs, but in this case they are only capable of heterotrimerization. In general, archaeal PCNAs have the capacity to interact with and stimulate the processivity of the replicative polymerases. In addition, as reviewed elsewhere, PCNA interacts with a number of other factors involved in replication and repair of DNA (113, 115) . The interaction between PCNA and a client protein is usually mediated via a short recognition motif, termed the PCNAinteracting protein (PIP) motif, most commonly found at either the N or C terminus of the protein (115) . The structural basis of the interaction was revealed with the elucidation of the structure of human PCNA bound to the PIP peptide of p21. Importantly, this structure showed that one peptide could bind per PCNA monomer (41) . It is therefore possible that PCNA is able to interact simultaneously with multiple partner proteins, forming a molecular "tool belt." Interestingly, analysis of the heterotrimeric Sulfolobus PCNA led to the discovery that distinct PCNA subunits within this complex each have preferred client proteins. More specifically, Flap endonuclease 1 (FEN1), DNA polymerase B1, and DNA ligase I interact preferentially with distinct subunits. Furthermore, affinity chromatography indicated that the heterotrimeric Sulfolobus PCNA could bridge between FEN1 and ligase or polymerase (25) . It appears, therefore, that an individual PCNA ring can organize and coordinate the activities of multiple factors simultaneously. The crystal structure of the Sulfolobus PCNA1-PCNA2 heterodimer in complex with Fen1 was recently elucidated (27) . This has revealed that the basis of discrimination between PCNA subunits and client proteins lies in distinct geometries being adopted by the PIP motif-binding interdomain connector loop on the individual PCNA subunits.
RFC-the Clamp Loader
The PCNA trimer is a toroidal molecule that encircles DNA, thereby tethering its client proteins to the DNA substrate. However, PCNA does not normally spontaneously assemble around DNA, but rather requires a specific loading factor, replication factor C (RFC), to facilitate appropriate placing of the sliding clamp onto the DNA molecule. RFC catalyzes opening of PCNA and deposition of PCNA around double-stranded DNA at the site of a double-to single-strand transition, such as a primertemplate junction (49) . This process is dependent on ATP binding by RFC. Archaeal RFC is a pentamer containing four identical copies of a small subunit (RFCS) and a single copy of a large subunit (RFCL). Biochemical and structural analyses of the RFC of Archeoglobus fulgidus by Wigley and colleagues, along with structural studies of the Pyrococcus homolog by Ishino and colleagues, in conjunction with structural and biophysical studies of yeast RFC and PCNA, have shed considerable light on the molecular mechanisms of RFC action (84, 85, 90, (103) (104) (105) . The RFC subunits are members of the AAAϩ family of ATPases, and in common with other members of this family, ATP is bound at the junction of two subunits (8, (103) (104) (105) . The intact RFC complex forms a rising right-handed spiral and therefore has four sites between subunits that can be occupied by ATP. ATP binding by all four sites is required for clamp loading. Fluorescence resonance energy transfer studies of yeast RFC and PCNA indicated that following binding of PCNA by RFC-ATP, PCNA is opened about 34 Å in the plane of the ring (122) . This structure is likely the conformation that can bind DNA and mediate loading. The loading reaction then progresses via an intermediate where the PCNA ring is held open with a gap of about 5 Å, as seen in an EM structure of Pyrococcus PCNA (85) . This appears to be a structure akin to a lock washer, with PCNA being open in and out of plane configuration (Fig. 4) . Precisely how binding of ATP causes these modulations in the structure is not fully understood, but arginine fingers in the RFCS subunits that act to communicate with the ATP binding site of the neighboring subunit appear to play a pivotal role in the process (105). As stated above, ATP hydrolysis is not required for PCNA loading per se. Rather, hydrolysis drives the final stage of the process, i.e., release of the clamp loader from the loaded PCNA.
PCNA-Interacting Proteins
Once loaded, PCNA can then bind DNA polymerase, and the primer can be extended. As alluded to above, PCNA also FIG. 4 . Cartoon of the clamp loading process. A pentameric RFC (gray) containing one large subunit and four identical small subunits binds ATP and interacts with a ring of PCNA (blue) (step 1). RFC opens PCNA 34 Å in the plane of the ring, and DNA enters the ring (steps 2 and 3). The PCNA ring then closes around the DNA but leaves an out-of-plane gap of approximately 5 Å (step 4) before sealing shut (step 5). ATP is then hydrolyzed by RFC, and RFC leaves PCNA bound at the primer-template junction. (11, 44, 100) . The complex of human FEN1 with PCNA revealed that each subunit of the homotrimeric PCNA bound to a different monomer of FEN1. Interestingly, each individual PCNA subunit-FEN1 interaction showed a distinct geometry courtesy of a highly flexible hinge region adjacent to the PCNA interaction site (100) . Two of the FEN1-PCNA monomer complexes did not interfere with the potential interaction between PCNA and DNA but held FEN1 in such a position that it was unlikely to be capable of catalyzing DNA strand cleavage. This has led to speculation that these geometries may correspond to translocating forms of the PCNA-FEN1 complex, with FEN1 in a "locked-down" and inactive conformation that would then undergo a structural transition in the presence of the appropriate DNA substrate, thereby activating FEN1. In the recent structure of Sulfolobus FEN1 in complex with PCNA1 and PCNA2, FEN1 was bound only to PCNA1, in agreement with previous biochemical studies, and was positioned in the complex in an orientation that was compatible with its accessing DNA.
The concept of carrier and active conformations of proteins on PCNA rings probably has relevance beyond the case of FEN1. For example, Sulfolobus PCNA was found to be able to simultaneously bind DNA ligase 1 (Lig1) and FEN1 in solution. However, the structure of human Lig1 in complex with DNA was recently solved, and it was seen that Lig1 effectively encircled the entire DNA molecule, such that even if it was bound to only a single subunit of PCNA, it would effectively sterically occlude access to PCNA by other factors (93) . However, if Lig1 can adopt a carrier conformation on PCNA, like the case for FEN1, it may dock down on the substrate only transiently to catalyze the ligation step at the final stage in lagging-strand maturation. Indeed, it is tempting to speculate that the steric clash that would be induced by Lig1 engaging with the DNA template may displace other proteins from PCNA. This may permit access to PCNA by RFC after Lig1 has joined Okazaki fragments, whereupon RFC could unload the PCNA ring.
ROLE OF ARCHAEAL CHROMATIN
The vast majority of studies that have been performed on the archaeal DNA replication machinery have used naked DNA templates. Yet it is clear that within the cell, DNA is compacted by association with a range of small basic proteins and that these proteins have the potential to modulate access to the DNA template. As recently reviewed elsewhere, archaeal cells utilize an intriguing variety of different proteins to mediate genome compaction (102, 117) . The majority of euryarchaea have homologues of eukaryotic histones, and extensive biochemical studies have revealed that these form structures analogous to the eukaryotic H3/H4 tetrasome. However, despite their discovery over 16 years ago, little is yet known about the role of archaeal histones in vivo. Differences in the expression of histone variants have been observed during culture growth, suggesting that alterations in levels of compaction and/or distribution of histone subtypes may modulate gene expression or even replication rates. Biochemical work using a highly defined in vitro transcription system derived from M. thermautotrophicum has revealed that an archaeal nucleosome positioned at an artificially selected high-affinity site has the capacity to slow transcription through the nucleosome (119) . It is currently unclear whether transcription through the nucleosome displaces it from the template or if it remains bound. Intriguingly, with the exception of some mesophilic marine organisms, histones are absent from the crenarchaea (18) . The most highly studied crenarchaeal chromatin proteins come from the Sulfolobus genus. Species within this genus have a Sulfolobus-specific chromatin protein, Sul7d. In addition, there is a second, abundant, nonspecific nucleic acid binding protein, Alba. Alba is additionally found in a broad range of both crenarchaea and euryarchaea (117) . Alba has both DNA and RNA binding activities but has been found to be associated with a range of genomic loci in Sulfolobus, suggesting that it has a significant role as a chromatin protein (78) . Recent work has characterized a second homolog of Alba found in Sulfolobus cells (48) . Interestingly, Alba2 forms obligate heterodimers with Alba1 and appears to alter higher-order DNA packing by Alba1. It is possible that differential levels of expression of Alba1 and Alba2 could modulate nucleoid structures in Sulfolobus.
In contrast to the situation with archaeal histones, both Sul7d and Alba show posttranslational modification in Sulfolobus cells. Sul7d shows monomethylation of lysine residues, but the consequence (if any) of this modification and the identity of the methyltransferase are currently unknown (28) . Alba1 has been shown to be acetylated at an internal lysine residue, lysine 16 (2) . The effect of acetylation of K16 is to lower Alba's affinity for DNA. Enzymes that acetylate and deacetylate Alba have been identified (78) . Interestingly, the acetylase, Pat, and the deacetylase, Sir2, are conserved in many bacteria, where they act to regulate acetyl-coenzyme A synthetase by reversible acetylation (111) . It therefore appears that Sulfolobus may have coopted this bacterial regulatory system to generate a primitive and simplified form of chromatin regulation. It is of particular interest that Sir2 is well conserved in eukaryotes, where it has expanded into a protein family whose members play roles in a variety of cellular processes, including regulation of chromatin structure, microtubule dynamics, and life span (4) .
Recent work has revealed that both Alba and Sul7d can inhibit translocation by purified Sulfolobus MCM helicase (77) . Acetylation of Alba by Pat alleviated this repression, leading to speculation that mechanisms may exist within Sulfolobus cells to couple Alba-modifying or -displacing activity to progression of the replication fork in vivo.
Considerable progress has been made in understanding the form and function of archaeal DNA replication and chromatin proteins. It is clear, however, that much remains to be discovered about how these proteins interact in the context of the macromolecular assemblies found at replication origins and during progression of the DNA replication fork. Furthermore, the manner in which these proteins are regulated during the course of the cell cycle in archaeal species remains largely unexplored. For Sulfolobus, in particular, where multiple DNA replication origins are used, it will be of great interest to determine whether a mechanism exists to allow coordinated regulation of origin activity, and if so, how this is mediated.
